The rate at which the TATA-binding protein (TBP) interacts with the TATA element and promotes transcription by RNA polymerase 11 was determined in yeast cells. A TBP derivative with altered TATA-element specificity was rapidly induced, and transcription from promoters with appropriately mutated TATA elements was measured. Without a functional activator protein, basal transcription was observed only after a lag of several hours. In contrast, GCN4-activated transcription occurred rapidly upon induction of the TBP derivative. These results suggest (TGTAAA) TATA element (10) (Fig. 1,  A and (Fig. LB) , and HIS3 expression was sufficiently low that cells were unable to grow in the absence of histidine. Addition of 500 FLM copper sulfate resulted in high levels of HIS3 RNA within 10 min and maximal levels within 20 min (Fig.  1 B) , but had no effect on cell growth. When this promoter controlled the expression of an epitope-tagged version of TBPm3, copper induction led to a substantial increase in protein levels within 30 min and maximal levels within 60 min (Fig. 2, A . To regulate the levels of the altered-specificity TBP molecule (TBPm3) and to distinguish it from endogenous TBP, a fragment of Sc3451 containing this copper-inducible promoter up to the ATG initiation codon (HIS3 nucleotides -548 to +22) was generated by polymerase chain reaction amplification and fused to a derivative of TBPm3 containing the simian virus 40 nuclear localization signal and the HA1 epitope from influenza virus at the NH2-terminus. This construct was cloned into pRS314, a centromeric TRP1 plasmid (25). (B) Induction kinetics in response to copper addition. Quantitative S1 analysis of HIS3 (+1 and + 13 transcripts) and DED1 (the internal control) RNAs (28) in a derivative of strain KY320 containing Sc3451 at the normal HIS3 chromosomal locus at 0, 10, and 20 min after copper induction.
The rate at which the TATA-binding protein (TBP) interacts with the TATA element and promotes transcription by RNA polymerase 11 was determined in yeast cells. A TBP derivative with altered TATA-element specificity was rapidly induced, and transcription from promoters with appropriately mutated TATA elements was measured. Without a functional activator protein, basal transcription was observed only after a lag of several hours. In contrast, GCN4-activated transcription occurred rapidly upon induction of the TBP derivative. These results suggest that accessibility of TBP to the chromatin template in vivo is rate limiting and that activation domains increase recruitment of TBP to the promoter.
Interaction of the TATA-binding protein (TBP) with the TATA promoter element is the first step in transcriptional initiation by RNA polymerase 11 (1) . In vitro, the ability of TBP (or the multiprotein complex TFLID) to bind the TATA element and initiate transcription is strongly repressed by nucleosomes (2, 3 (4) . The inability of TBP to bind nucleosomal templates probably reflects the unusual structure of the TBP-TATA element complex (3, 5) (TGTAAA) TATA element (10) (Fig. 1,  A and teins, and a conventional TATA sequence (TATAAA) that strongly responds to transcriptional activators and mediates transcription primarily from the + 13 site (23). Sc3765 and Sc3745 are derivatives of the HIS3 promoter that contain a TGTAA TATA sequence, are deleted for TC, and either lack or possess the Gcn4 binding site (14) . Sc3451, a his3 allele containing a tightly regulated, copper-inducible promoter, was generated by insertion of an oligonucleotide containing an Acel binding site (TAAGTCTTTTTT-GCTGGAACGGTTGAGCGGAAAAGACGCATC) derived from the CUP1 promoter into the Eco RI site of Ylp55-Sc3370 (24) . To regulate the levels of the altered-specificity TBP molecule (TBPm3) and to distinguish it from endogenous TBP, a fragment of Sc3451 containing this copper-inducible promoter up to the ATG initiation codon (HIS3 nucleotides -548 to +22) was generated by polymerase chain reaction amplification and fused to a derivative of TBPm3 containing the simian virus 40 nuclear localization signal and the HA1 epitope from influenza virus at the NH2-terminus. This construct was cloned into pRS314, a centromeric TRP1 plasmid (25 asal, TATA-dependent promoter, TBPm3 was induced in a strain containing Sc3765, a HIS3 allele with a TGTAAA TATA element but without a binding site for the Gcn4 activator protein (14) (Fig. 1A) . In the absence of copper, HIS3 transcript levels were comparable to those found in the control strain without TBPm3 ( Fig. 2A) . Upon copper induction, no change in HIS3
RNA levels was observed at 30 min, and there was only a very slight (16%) increase at 60 min even though the level of TBPm3 was maximal at this time ( Figs. 2A and 3) . Transcription that was dependent on TBPm3 increased at later times after copper induction (44% at 2 hours and twofold at 4 hours) up to a threefold increase at steady state (10) . Thus, there is a substantial lag period of roughly 2 hours between the synthesis of TBPm3 and its ability to function at basal, TATA-dependent promoters. This observation is analogous to in vitro experiments in which TBP does not function at basal promoters in the context of preassembled nucleosomal templates (2, 3). Because acidic activators allow TBP to initiate transcription on nucleosomal templates in vitro, they might be expected to reduce the lag time of TBP utilization. To evaluate the function of an acidic activator in vivo, we induced TBPm3 in a strain containing Sc3745 (Fig. 1A) , a HIS3 promoter with a binding site for the Gcn4 transcriptional activator upstream of a TGTAAA TATA element (14) . In the absence of Gcn4, the kinetics of HIS3 transcription were indistinguishable from those obtained with the promoter lacking the Gcn4 binding site (Figs. 2B and 3) . However, in the presence of constitutively expressed Gcn4 (Figs. 2C and 3) , HIS3 RNA levels rapidly increased upon copper induction (2.3-fold at 30 min and 3.2-fold at 60 min) in a manner that was kinetically similar to the increase in TBPm3 levels. Thus, in the presence of an acidic activator protein, TBP can rapidly and productively bind to the chromatin template in vivo.
A similar experiment was done in a strain that constitutively expressed gcn4-C131 (15), a deleted derivative that contains the intact DNA-binding and dimerization domain but lacks the acidic activation domain (Figs. 2D and 3) . Upon induction of TBPm3, the activation-defective Gcn4 derivative showed a lag in HIS3 transcriptional initiation that was kinetically similar to that observed without Gcn4 (Fig.  2B) or the Gcn4 binding site ( Figs. 2A and  3) . Thus, the Gcn4 acidic activation domain is required to overcome the lag between synthesis of TBPm3 and its ability to support transcription from TGTAAA promoters.
Our results (Fig. 3) suggest that recruitment of TBP to the promoter is rate limit- RNAs, which was performed as described (28) . Because all the his3 promoters lack Tc, essentially no transcription is initiated from the + 1 site; hence, the HIS3 band represents transcription from the + 13 site. An equal amount of unlabeled DED1 probe was added to the reactions shown in (A), (B), and (D); thus, for a given amount of HIS3 RNA (relative to DED1 control), bands in (C) are twofold less intense than those in other panels.
ing in vivo and that acidic activation domains increase the rate of this step as part of the mechanism by which they stimulate transcription. Although technical considerations make it difficult to directly measure TBPm3 binding to the TGTAAA sequence in vivo ( 16), we doubt that the several hour lag observed in the absence of an activator reflects a rate-limiting step that occurs after TBP binding (for example, recruitment of TFILB). In vitro, TBP binding is sufficient for template commitment (1), and the available evidence argues against a kinetic lag in steps subsequent to TBP binding either in the absence or presence of an acidic activator (17) . Even in experiments which suggest that activation domains function at later steps, the observed effects were at the level of complex stability, not kinetics of formation (18) . In vivo, photofootprinting of the yeast GALl, 10 promot- Fig. 3 . Kinetics of HIS3 transcription from TG-TAAA promoters upon copper-induction of TBPm3. For each experimental situation (labeled according to the his3 allele and Gcn4 derivative), data points correspond to HIS3 RNA levels (normalized to the DED1 internal control) that are relative to the zero time point (defined as 1.0 and that represents transcription mediated by wild-type TBP at the relevant TGTAAA promoter) as a function of time after addition of copper sulfate to the medium. The fold increase in relative HIS3 RNA levels upon copper induction for each strain represents TBPm3-dependent transcription. At the zero time points and at steady-state synthesis of TBPm3, HIS3 RNA levels are fourfold higher under conditions of Gcn4 activation (Fig. 2C) as compared to basal conditions (Fig. 2, A, B, and D) . At early time points after copper induction, the apparent fold activation by Gcn4 is higher, a reflection of the differential kinetic effect of TBPm3 in the presence or absence of a functional activation domain. RNA levels were quantitated by Phosphorlmager (Molecular Dynamics) analysis and represent the average of three independent experiments (one of which is shown in Fig. 2) er indicates a transcription-dependent change at the TATA element that probably reflects TBP binding (19) . Finally, our results are consistent with and support the physiological relevance of biochemical experiments indicating that TBP binds very weakly to nucleosomal templates in the absence of a transcriptional activator protein.
The lag between synthesis of TBPm3 and its ability to support basal transcription takes several hours, the approximate length of a single cell cycle. It is possible that, in the absence of an activator, recruitment of TBP to the promoter might occur only at a specific time of the cell cycle. In this regard, DNA replication-coupled chromatin assembly has been associated with a variety of transcriptional events in vivo and in vitro (20) . Alternatively, recruitment under these conditions might be stochastic but simply slow in comparison to the situation at the Gcn4-activated promoter.
Our results do not distinguish between potential mechanisms by which activation domains increase recruitment of TBP to promoters in vivo. Acidic activation domains and the Swi-Snf complex, which is involved in the activation process, cause changes in chromatin structure that occur in the absence of a functional TATA element and transcription (21 (ATP)-independent manner (3), and katanin, a heterodimeric protein that severs and disassembles microtubules in an ATPdependent manner (5).
We purified from Xenopus egg extracts a third protein of molecular weight 48,000 that can rapidly sever taxol-stabilized fluorescent microtubules in vitro ( Fig. 1) (6) .
Phosphocellulose chromatography of the extracts generated two peaks of microtubule-severing activity. The activity in flow-through fractions had been previously purified and designated p56 (3) . Immunoblot analysis with an antibody to p56 indicated that the activity in the adsorbed fraction was not due to p56. The adsorbed fraction severed microtubules only in the
